The enhancement for sludge anaerobic digestion and dewaterability were investigated in sludge pretreated by microwave (MW) and its combined processes. The results showed that microwave and its combined processes can efficiently release soluble organic matter and thus enhance anaerobic digestion of sludge. The cumulative methane production in the test of the MW-H 2 O 2 -OH (0.2) process was increased by 13.34% compared with that of the control. The MW-H process was effective in improving sludge dewaterability, e.g., the capillary suction time (CST) at only 9.85S.
INTRODUCTION
With the rapid development of municipal wastewater treatment, the amount of sewage sludge produced as a byproduct of biological wastewater treatment has increased sharply every year in China, e.g., the amount of dewatered sewage sludge at 80% of moisture content produced was up to 30 million tons in 2013. Owing to paying more attention to municipal wastewater treatment than sewage sludge treatment and disposal in the past, about 80% of the sewage sludge was not disposed of properly (Wang et al. ) .
According to the 12th Five-year Plan of municipal wastewater treatment and reuse in China, the sewage sludge treatment rate will increase from 25 to 80% in 36 key cities. Therefore, the treatment and disposal of sewage sludge has become a major focus of current environmental protection policies in China according to the principle of reduction, stabilization and resource, and thus more and more attention is currently being paid to enhanced sludge dewatering and sludge anaerobic digestion.
Anaerobic digestion and dewatering, which are related to sludge biodegradability and physicochemical characterization, are the main technologies to achieve both sludge reduction and energy recovery. Anaerobic digestion has become a major part of modern wastewater treatment plants which seem to be the most popular stabilization methods in Europe (Kelessidis & Stasinakis ) . Sludge dewatering is an important step in sludge management because the moisture content of sewage sludge is crucial for transportation, and subsequent treatment and disposal of sludge, such as composting and incineration. In anaerobic digestion, biogas production is limited by hydrolysis of macromolecular organic matter which results in longer sludge retention time (SRT). On the other hand, sludge dewatering is also related to macromolecular organic matter especially extracellular polymeric substances (EPS) due to water being trapped in EPS and its negative charged characterization. 
Analysis of anaerobic biodegradability
The anaerobic degradability of pretreated sludge was determined by batch-mesophilic biochemical methane potential (BMP) assays. The BMP tests were performed by a AMPTS II instrument made by Bioprocess Control Company, Sweden.
The 650 mL serums with 400 mL working volume were fed in 400 mL raw sludge as the control, and 280 mL untreated sludge plus 120 mL pretreated sludge as the tests. All of these serums were kept in a water bath at 38 W C. 
RESULTS AND DISCUSSION
Solubilization of organics in sludge after pretreatment
The disintegration efficiency of microwave and its combined processes was indicated by the solubilization rate of particulate COD in sludge. As shown in indicated that MW and its combined processes enhanced the sludge anaerobic biodegradability to some degree ( Figure 1 ). The test of MW-H 2 O 2 -OH (0.2) not only achieved significant enhancement of accumulated methane production which was 13.34% higher than the control, but also produced a higher methane production rate (Figure 2) 2) processes, the particle fractions were still easily biodegraded with higher accumulated methane production rate than the MW treated sludge. The enhancement of sludge anaerobic digestion by acid pretreatment was also proved in a previous study (Devlin et al. ) which achieved 14.3% increase in methane yield compared with the untreated sludge in a semi-continuous digestion experiment. This finding demonstrates that solubilization of particle COD is not the essential precondition to judge the pretreatment effectiveness in anaerobic sludge digestion. The lower soluble organics but with higher biodegradability may be due to the sedimentation of released soluble organics especially protein related to its isoelectric point.
The changes of organic fraction in sludge before and after anaerobic digestion are shown in Table 2 . The TS, VS and TCOD were all reduced after 30 days of anaerobic digestion. However, the total organic matter reduction did not show great difference between the control and pretreated sludges, e.g., the VS reduction rates for the control, What the function of MW and its combined processes is to accelerate hydrolysis rate in anaerobic digestion. As shown in Table 2 Besides, another study (Tong et al. in preparation) showed that the diversity and abundance of specific functional microflora including acetogenic bacteria and methanogen in anaerobic digestion of sludge were increased in the MW- never been reported before. This result was mostly coincident with the effect of hot-acid hydrolysis process reported in a previous study (Neyens et al. ) . However, in the hot-acid hydrolysis process, the DS-solid content of the dewatered cake will increase from 22.5% DS (initial untreated) to approximately 70% DS at a high temperature of above 120 W C, pH ¼ 3 and a 60 min reaction time, which took a higher reaction temperature and longer time compared with the MW-H process in this work. To explain the changes of sludge dewaterability, physical characteristics of raw and pretreated sludge, including zeta potential, surface charge density and particle size distribution were investigated. As shown in Figure 4 , the surface electrical property characterized by zeta potential and sur- It is also worth noting that the sludge dewaterability was nearly the same for different treated samples after 30 days' anaerobic digestion except for the MW-H treated sludge (Figure 3 ). Its CST value was 28.57S, much lower than that of the control and the other methods. These results indicate that the MW-H process can not only improve the sludge biodegradability, but also is an efficient method for improving sludge dewaterability.
CONCLUSIONS
(1) A lower dosage (0.2 g H 2 O 2 /g TS) of H 2 O 2 in the MW-H 2 O 2 process significantly enhanced methane production compared with the control and other methods. This result was related to a more rapid and thorough hydrolysis with 
